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FOREWORD 
One o f  t h e  f i r s t  task  fo rces  t o  be es tab l i shed  upon t h e  o r g a n i z a t i o n  o f  
t he  I n s t i t u t e  f o r  Environmental Stud ies i n  1973 was a  group t o  conduct i n t e r -  
d i s c i p l i n a r y  research on l a n d  and wate r  resources p lann ing .  The f i r s t  t h r e e  
au thors  l i s t e d  f o r  t h i s  r e p o r t  were members o f  t h e  o r i g i n a l  t ask  f o r ce .  As 
t h e  f l o o d p l a i n  s tud ies  were undertaken, a  person w i t h  h y d r o l o g i c a l  e x p e r t i s e  
was added t o  t h e  s tudy team. 
A research proposal  which was submi t ted t o  t h e  Center was f avo rab l y  eva lu -  
a ted  and funds were a1 l oca ted  i n  1975 t o  c a r r y  o u t  s t u d i e s  which a r e  repo r ted  
on he re in .  Fu r the r  s tud ies  a re  contemplated when funds become a v a i l a b l e .  
Th i s  p r e l  im ina ry  r e p o r t  ill u s t r a t e s  t h e  p o t e n t i a l  capab i l  i ty  o f  an aca- 
demic i n s t i t u t i o n  t o  c a r r y  on research d i r e c t e d  t o  a  r e l e v a n t  s o c i e t a l  problem . 
t h a t  i n v o l  ves t h e  knowledge o f  severa l  d i s c i p l i n e s .  I n s t i  t u t i o r ~ s  and agencies 
i n v o l  ved w i t h  1  and-use p lann ing  w i t h  spec ia l  i n t e r e s t s  i n  f l o o d p l a i n s  have 
found t h i s  r e p o r t  use fu l  i n  t h e i r  p l ann ing  a c t i v i t i e s .  
Glenn E. S tou t ,  D i r e c t o r  
Water Resources Center 
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The hydro logy computations, t h e  runs of  HEC-1, and many o t h e r  compu- 
t a t i o n a l  tasks  were c a r r i e d  o u t  by I a n  Gou l te r .  He a l s o  'ass is ted  i n  w r i t i n g  
Appendix A. J e r r y  Schles inger  wro te  t h e  i n i t i a l  computer codes f o r  t h e  tri- 
angu la r  r o u t i n g  model and t h e  dynamic programming model. Some o f  t h e  damage 
data were c o l l e c t e d  by Steven Nord. 
ABSTRACT 
FLOOD PLAIN MANAGEMENT THROUGH ALLOCATION OF LAND USES--A DYNAMIC PROGRAMMING 
MODEL 
D e s p i t e  h e r o i c  s t r u c t u r a l  measures, f l o o d  damages c o n t i n u e  t o  r i s e .  T h i s  
r e s e a r c h  deve lops a  means f o r  i d e n t i f y i n g  more n e a r l y  o p t i m a l  p a t t e r n s  o f  l a n d  
use w i t h  p a r t i c u l a r  r e f e r e n c e  t o  t i m i n g ,  depth ,  and d u r a t i o n  o f  f l o o d i n g .  The 
m a j o r  premise i s  t h a t  f l o o d  p l a i n  management i s  b e s t  v iewed as a  problem o f  
a l l o c a t i n g  l a n d  uses t o  l a n d  p a r c e l s .  A  dynamic programming model i s  deve lop-  
ed t o  de te rm ine  what comb ina t ion  o f  downstream uses, wh ich r e q u i r e  f l o o d  p r o -  
t e c t i o n ,  and upstream uses, wh ich may i n c r e a s e  r u n o f f  o r  p r o v i d e  p r o t e c t i o r ~  
t h r o u g h  l o n g e r  w a t e r  r e t e n t i o n ,  shou ld  be encouraged. The dynamic programming 
model and an a s s o c i a t e d  s i m p l i f i e d  r o u t i n g  t e c h n i q u e  a r e  demonstrated on a  
r e a l  watershed. D e s i r a b l e  e x t e n s i o n s  o f  t h e  model a r e  i d e n t i f i e d .  One m a j o r  
r e s u l t  o f  t h e  p r o j e c t  i s  t h e  r e a l i z a t i o n  o f  a  need t o  c l a s s i f y  watersheds by 
t h e  degree o f  e f f e c t i v e  in terdependence among l a n d  use d e c i s i o n s  so as t o  
de te rm ine  t h e  most a p p r o p r i a t e  t ypes  o f  a n a l y t i c a l  model s  and pub1 i c  s e c t o r  
i n t e r v e n t i o n s  f o r  p a r t i c u l a r  cases. T h i n k i n g  about  f l o o d  management as a  
prob lem o f  l a n d  use a l l o c a t i o n  i s  shown t o  be a  f r u i t f u l  c o n c e p t u a l i z a t i o n  
f o r  e x p l o r i n g  t h e  i s s u e s ,  f o r  deve lop ing  models, and f o r  i d e n t i f y i n g  appro-  
p r i a t e  p u b l i c  s e c t o r  i n t e r v e n t i o n s .  
Hopkins,  Lewis D.; B r i l l ,  E. Downey, J r . ;  Liebman, Jon C.; and Wenzel, H a r r y  G., J r .  
FLOOD PLAIN MANAGEMENT THROUGH ALLOCATION OF LAND USES--A DYNAMIC PROGRAMYIING F'IODEL 
Comple t ion Repor t  f o r  P r o j e c t  S-052-ILL suppor ted  under  t h e  U n i v e r s i t y  o f  I l l i n o i s  
Water Resources Center.  
KEYWORDS--*flood p r o t e c t i o n / * l a n d  use/economic e f f i c i e n c y / * w e l f a r e  (economics)/  
*optimum development p lans/*dynamic programming/f lood r o u t i n g / u r b a n i z a t i o n /  
o p t i m i z a t i o n / f l o o d  p l a i n s l n o n - s t r u c t u r a l  a l t e r n a t i v e s l l a n d  management/economic 
r e n t l f l o o d  p l a i n  zon ing/zon ing.  
The problem o f  f l o o d  p l a i n  management has p r e v i o u s l y  been conceptual ized 
e i t h e r  as a  problem of r o u t i n g  f l ood  wate r  f o r  a  g i ven  l and  use p a t t e r n  ( H a l l  
e t  aZ. , 1968) o r  as a  problem o f  a1 l o c a t i n g  l and  uses f o r  a  g i ven  p a t t e r n  o f  
f l o o d i n g  (Weisz and Day, 1974a). There i s  arnple evidence t h a t  p a t t e r n s  o f  
l and  use a f f e c t  l e v e l s  o f  f l o o d i n g ,  e s p e c i a l l y  i n  r a p i d l y  u rban i z i ng  areas 
( H o l l  i s ,  1975; Doehring e t  al. , 1975). The problem should,  t h e r e f o r e ,  be 
conceptua l i zed  as one o f  a l l o c a t i n g  uses t o  subbasins, where a  use i nc l udes  
t h e  "hyd ro log i c  use" o f  t h e  subbasin as w e l l  as t h e  land  use i n  t h e  more t r a d i -  
t i o n a l  sense. Th i s  permi ts  t h e  s i ~ r ~ u l t a r ~ e o u s  c o n s i d e r a t i o n  o f  t h e  e f f e c t  o f  
f l o o d s  on l a n d  use pa t t e rns  and t h e  e f f e c t  o f  l a n d  use on f l o o d  p a t t e r n s .  T h i s  
i s  a  more accura te  rep resen ta t i on  o f  t h e  problem f o r  t h e  impo r tan t  case of  
r a p i d l y  develop ing suburban areas, where t h e  l and  use change a f f e c t s  and i s  
a f f e c t e d  by t h e  f l o o d i n g  p a t t e r n .  
Water f rom p r e c i p i t a t i o n  cannot be e l im ina ted ;  i t  can o n l y  be a l l o c a t e d  
w i t h  r espec t  t o  p lace,  volume, du ra t i on ,  t i m i n g ,  and seasonal p a t t e r n .  A 
p a r t i c u l a r  terr~poral p a t t e r n  o f  water  r e t e n t i o n  o r  dra inage,  r ang ing  from run-  
o f f  from an imperv ious su r f ace  t o  s to rage  i n  a  r e l a t i v e l y  s t a b l e  r e s e r v o i r ,  
can be const rued as a  "hyd ro log i c  use" c l a s s  f o r  a  parce l  o f  land.  A  hyd ro log i c  
use c l a s s  can be combined w i t h  more t r a d i t i o n a l  l a n d  use c lasses,  such as "one 
d w e l l i n g  u n i t  per  ac re  s i n g l e  fa rn i l y  r e s i d e n t i a l "  o r  "shopping cen te r , "  t o  
o b t a i n  a  s e t  o f  hyd ro log i c - l and  use c lasses.  The hyd ro log i c  c h a r a c t e r i s t i c s  
would i n c l u d e  t h e  r u n o f f  generated w h i l e  t h e  more t r a d i t i o n a l  des igna t i on  would 
i n d i c a t e  t h e  amount o f  damage f o r  g i ven  f l o o d  depths and t h e  va lue  o f  l and  f o r  
t h e  use e x c l u s i v e  o f  f l o o d  damages. The f l o o d  management problem i s  then t o  
a l l o c a t e  these use c lasses  t o  subbasins o f  t h e  watershed so as t o  maximize t h e  
t o t a l  economic r e n t  t o  land.  The use o f  max imiza t ion  o f  t o t a l  economic r e n t  
p a i d  t o  pa rce l s  as t h e  c r i t e r i o n  f o r  op t ima l  a l l o c a t i o n  o f  l and  resources has 
been e x t e n s i v e l y  d iscussed elsewhere (Alonso, 1964; Weisz and Day, 1974b; 
Greenberg e t  aZ. , 1974). Economic r e n t  can be represented i n  p resen t  wor th  
terms as t h e  "b i d -p r i ce , "  o r  p r i c e  a  p a r t i c u l a r  user  would be w i l l i n g  t o  pay 
t o  use t h e  parce l  o f  land. 
A1 though f l o o d  darnage i s  o n l y  one o f  a  rnul ti tude  o f  i n t e r a c t i o n s  among 
l a n d  uses, t h i s  model t r e a t s  i t  l a r g e l y  independent ly  o f  o t h e r  i n t e r a c t i o n s ,  
such as t r a n s p o r t a t i o n .  Under c e r t a i n  c i rcumstance i t  dominates o t h e r  i n t e r -  
ac t i ons .  More impo r tan t l y ,  pas t  research  suggests t h a t  a  sequence o f  model ing 
s t r u c t u r e s ,  each a p p r o p r i a t e  t o  p a r t i c u l a r  types o f  i n t e r a c t i o n ,  may be a  
u s e f u l  way o f  deal  i n g  w i t h  complex l a n d  use a1 l o c a t i o n  problems (Hopkins,  1975). 
Th i s  research  i s  an a t tempt  t o  determine whether methods can be developed 
t o  a s s i s t  i n  i d e n t i f y i n g  op t ima l  t a r g e t  a l l o c a t i o n s  o f  uses a t  a  c o s t  f o r  i n -  
f o rma t i on  c o l l e c t i o n ,  s o l u t i o n ,  and implementat ion t h a t  i s  l e s s  than t h e  
aggregate improvement i n  l and  va lue  thereby  obta ined.  The necess i t y  o f  i d e n t i f y -  
i n g  such t a r g e t s  and ques t ions  i s  c o n s i d e r e d ' b r i e f l y  i n  a  t h e o r e t i c a l  con tex t  
i n  Sec t i on  2. Sec t i on  3 descr ibes  a  dynamic programming model developed t o  
i d e n t i f y  t a r g e t  p a t t e r n s  o f  use f o r  a  watershed. Sorne p r e l  i m i  nary  expec ta t ions  
about t h e  c o s t  o f  da ta  c o l l e c t i o n  and s o l u t i o n  a r e  repo r ted  f o r  a  t e s t  problem 
i n  Sec t ions  5  and 6. 
2. FLOOD DAMAGE AND LAND USE DECISIONS 
Decent ra l i zed  c o n t r o l  systems, such as markets, even markets w i t h  e x t e r n a l i t y  
taxes,  cannot ach ieve a p p r o p r i a t e  use p a t t e r n s  when t h e  e f f e c t s  o f  upstream l and  
uses on downstream land  uses a r e  inc luded.  The f l o o d i n g  case r e q u i r e s  an ex ten -+  
s i o n  o f  a  p rev ious  argurr~ent by Davis and Whinston (1962) t o  cover  t h e  "non-rec lp-  
r o c a l "  case where one l and  user  imposes an ex te rna l  e f f e c t  on t h e  o the r ,  b u t  n o t  
v i c e  versa. 
2.1 Interdependence o f  Land Use Decis ions 
A  s imp le  two parce l  example, us i ng  Davis and Whinston 's  c o s t  f u n c t i o n s  a l t e r e d  
so as t o  c r e a t e  a  non- rec ip roca l  case, derr~onstrates t h i s  conc lus ion.*  Each o f  
two owners must dec ide what d e n s i t y  o f  development, qi, t o  c o n s t r u c t  on h i s  s i t e .  
*Davis and Whinston 's  and our  conc lus ions app ly  o n l y  t o  non-separable 
i n t e r a c t i o n s ;  those i n  which the  ou tpu t  l e v e l  o f  t h e  imposer a f f e c t s  t he  marg ina l  
cos t  f o r  t h e  rece i ve r .  Mathematical l y ,  non-separabi 1 i t y  means t h a t  a2cl/aqlq2 # 0. 
Assuming t h e  imposer cou ld  cease p roduc t i on  t h e r e  i s  always a t  l e a s t  t he  d i f f e r e n c e  
i n  t he  e x t e r n a l  e f f e c t  f rom p roduc t i on  versus nonproduct ion by t h e  imposer so t h a t  
a l l  e x t e r n a l i t i e s  o f  i n t e r e s t  i n  a land use l o c a t i o n  con tex t  should be cons idered 
non-separable. 
Both r u n o f f  and va lue  a r e  assumed t o  inc rease  w i t h  dens i t y .  The c o s t  f u n c t i o n s  
f o r  Owners 1  and 2  a r e  
m The second te rm o f  Owner 2 ' s  c o s t  f u n c t i o n ,  B2ql q2,  i s  t h e  i n t e r a c t i o n  term. 
The d e c i s i o n  o f  Owner 1, ql, changes t h e  r u n o f f  and t h e r e f o r e  changes t h e  amount 
of  f l ood  damage per  u n i t  o f  d e n s i t y  f o r  Owner 2. 
The p r i c e  equals marg ina l  c o s t  c r i t e r i o n  f o r  i n d i v i d u a l  p r o f i t  max imiza t ion  
i s  t hen  found by t a k i n g  t h e  p a r t i a l  d e r i v a t i v e s  o f  t h e  i n d i v i d u a l  cos t s  w i t h  
r espec t  t o  t h e  dec i s i ons  under t he  c o n t r o l  o f  t h e  r e s p e c t i v e  owners. 
Owner 2  must assume something about t h e  d e c i s i o n  o f  t h e  upstream owner, because 
t h e  upstream owner 's d e c i s i o n  e n t e r s  t h e  downstream owner 's d e c i s i o n  c r i t e r i o n .  
I n  t h i s  non- rec ip roca l  case, however, t h e  upstream owner can make h i s  i n d i v i d u a l  
p r o f i t  max in i i za t ion  dec i s i on  w i t h o u t  knowing t he  downstream owner 's  d e c i s i o n .  
Therefore, a  r e s u l t  w i l l  be achieved whereby t h e  upstream owner decides; then t h e  
downstream owner decides g i ven  t h e  upstream owner 's dec i s i on .  
However, i f  we cons ider  s o c i a l  p r o f i t  maximizat ion,  t h e  cos t s  imposed on 
t he  downstream owner a r e  charged t o  t h e  upstream owner. Tak ing t h e  p a r t i a l  
d e r i v a t i v e  f o r  t h e  sum of t h e  cos ts  w i t h  r espec t  t o  each d e c i s i o n  v a r i a b l e ,  
t h e  p r i c e  equals  marg ina l  c o s t  c r i t e r i a  become 
where Cs  = C1 + C2.Under s o c i a l  p r o f i t  max im iza t ion  n e i t h e r  o f  t h e  owners can 
make a  v a l i d  d e c i s i o n  about d e n s i t y  o f  development w i t h o u t  knowing t h e  d e c i s i o n  
of t h e  o the r .  I f  t h e  e x t e r n a l  c o s t  component o f  t h e  upstream u s e r ' s  c r i t e r i o n  
i s  though t  o f  as an e x t e r n a l i t y  t a x ,  he does n o t  know what amount o f  t a x  t o  pay. 
Nor can a  c o n t r o l l i n g  agency know what amount t o  charge. Therefore,  even i n  
t h e  s i m p l i f i e d  f l o o d  damage case, where o n l y  one owner imposes a  nonseparable 
e x t e r n a l i t y  on t h e  o the r ,  t h e  a t t a i nmen t  o f  t h e  s o c i a l  optimum cannot  be ach ieved 
th rough  d e c e n t r a l i z e d  p r i c i n g .  I t  must depend on some s imul taneous dec i s i ons - - -  
p r e d i c t i o n s  o r  t a r g e t  p lans.  
2.2 Need f o r  Ta rge t  Plans 
Davis  and Whinston (1962) have shown t h a t ,  f o r  cases where each o f  two 
p a r t i e s  imposes an e x t e r n a l i t y  on t h e  o t h e r  ( t h e  " r e c i p r o c a l  case" ) ,  t h e  s tandard  ' 
e x t e r n a l i t y  t a x  approach breaks down. N e i t h e r  p a r t y  can determine i t s  own o u t -  
p u t  d e c i s i o n  w i t h o u t  knowing t h e  d e c i s i o n  o f  t h e  o t h e r .  I n  t h i s  case, t h e  de- 
c i s i o n  process a c t u a l l y  breaks down even f o r  i n d i v i d u a l  p r o f i t  max im iza t ion  
before any t a x  i s  imposed. A l though Davis and whirl st or^ e x p l i c i t l y  l i m i t  t h e i r  
conc lus i on  t o  t h e  r e c i p r o c a l  case, an e x t e r n a l i t y  t a x  i s  e q u i v a l e n t  t o  an e x t e r -  
n a l i t y  imposed by t h e  r e c e i v e r  o f  t h e  phys i ca l  e x t e r n a l i t y  on t h e  imposer of t h e  
p h y s i c a l  e x t e r n a l  i ty.  Thus, f o r  t h e  non- rec i  p roca l  case, t h e  usual  e x t e r n a l  i t y  
t a x  scheme does n o t  l e a d  t o  s o c i a l  p r o f i t  max im iza t ion ,  even though t h e  d e c i s i o n  
makers can make i n d i v i d u a l  p r o f i t  maximiz ing dec i s i ons .  A1 though Baumol (1 972) 
accepts  t h e  t a x  on t h e  e x t e r n a l  e f f e c t  as t h e o r e t i c a l l y  c o r r e c t  f o r  t h e  non- 
r e c i p r o c a l  case, he appears t o  assume t h a t  e i t h e r  t h e  o u t p u t  o f  one p a r t y  i s  
taken  as a  parameter, o r  t h a t  t h e  optimum d e n s i t i e s  o f  development ( l e v e l s  of 
o u t p u t )  a r e  known i n  o r d e r  t o  determine t h e  arr~our~t o f  t h e  t a x .  I n  any case, he 
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may v a r y  f o r  p u b l i c  i n t e r v e n t i o n s  depending on t h e  degree and t y p e  o f  d e v i a t i o n s  
o f  t h e  t a r g e t  f rom t h e  r e s u l t s  t h a t  would occur  w i t h o u t  i n t e r v e n t i o n  (Hopkins,  
1974).  
3. LAND USE ALLOCATION: DYNAMIC PROGRAMMING FORMULATION 
I t  has been argued above t h a t  i d e n t i f i c a t i o n  o f  t a r g e t  p a t t e r n s  o f  l a n d  
use, a t  l e a s t  i m p l i c i t l y ,  i s  e s s e n t i a l  f o r  cases i n  which t h e  upstream land  use 
dec i s i ons  a f f e c t  downstream f l o o d  damages. T h i s  i s  most l i k e l y  t o  be t h e  case 
i n  areas o f  r a p i d  convers ion  f rom r u r a l  t o  urban development on watersheds o f  
a  s i z e  t h a t  w i l l  be al tnost  e n t i r e l y  conver ted.  A  dynarnic programming model t o  
a l l o c a t e  h y d r o l o g i c - l a n d  use c lasses  was t h e r e f o r e  developed w i t h  p a r t i c u l a r  
concern f o r  t h i s  t ype  o f  problem. The f o r m u l a t i o n ,  a l t hough  crude, pe rm i t s  some 
t e n t a t i v e  e x p l o r a t i o n  o f  t h e  l and  use - f l ood  damage t r a d e o f f .  
3.1 Bas ic  Formu7 a t i o n  
The stream i s  d i v i d e d  i n t o  subbasins.  Each subbasin i s  assoc ia ted  w i t h  a  
reach  o f  t h e  stream. These reaches a r e  t h e  stages o f  t h e  dynamic program, which 
i s  e s s e n t i a l l y  a  r e c u r s i v e  decomposi t ion o f  t h e  problern i n t o  d i s c r e t e  s tages 
so t h a t  each s tage  can be so lved  i n  sequence. The d e c i s i o n  v a r i a b l e  a t  each 
s tage  i s  t h e  use c l a s s  t o  be l o c a t e d  t he re .  For any i n f l o w  hydrograph and any 
use, i t  i s  then  t h e o r e t i c a l l y  p o s s i b l e  t o  determine 1 )  t h e  o u t f l o w  hydrograph 
a t  t h e  base o f  t h e  reach by us i ng  r u n o f f  and r o u t i n g  models, 2 )  t h e  area f l ooded  
and average depth by us i ng  " s t age - f l ow"  r e l a t i o n s h i p s  and v a l l e y  c ross  sec t i ons ,  
and 3 )  t h e  " b i d - p r i c e "  f o r  t h e  subbasin f o r  t h e  use a f t e r  s u b t r a c t i n g  f l ood  
damages f o r  t h e  depth and area f looded .  Th i s  process i s  diagrammed f o r  a  s i n g l e  
dynamic programming s tage  i n  F i g u r e  1.  
Each s tage  of t h e  dynamic program c o n s i s t s  o f  r e p e a t i n g  t h i s  s e t  o f  compu- 
t a t i o n s  f o r  each combina t ion  o f  i n f l o w  peak and l and  use. For  each o u t f l o w  peak, 
t h e  combinat ion o f  i n f l o w  peak and l and  use t h a t  y i e l d s  t h e  h i g h e s t  aggregate 
b i d - p r i c e  ( o r  economic r e n t )  f o r  a1 1  stages up t o  t h e  p resen t  one i s  saved as 
t h e  b e s t  means o f  reach ing  t h a t  o u t p u t  l e v e l  a t  t h a t  reach. When a l l  s tages 
( reaches o f  t h e  stream) have been processed i n  t h i s  manner, t h e  f i n a l  o u t p u t  f l ow 

w i t h  t h e  h i g h e s t  aggregate b i d - p r i c e  i s  then  t h e  s t a r t i n g  p o i n t  t o  t r a c e  
back through t h e  s e t  o f  dec i s i ons  and assoc ia ted  i n p u t  f l o w  l e v e l s  t h a t  l e d  t o  
t h a t  o u t p u t  f l ow .  I n  p r a c t i c e ,  one may w ish  t o  c o n s t r a i n  t h e  f i n a l  o u t p u t  
below some l e v e l .  I n  t h i s  case, one would choose t h e  o u t p u t  t h a t  has t h e  h i ghes t  
b i d - p r i c e  and meets t h e  c o n s t r a i n t .  Th i s  search procedure y i e l d s  t h e  op t ima l  
a l l o c a t i o n  o f  uses t o  maximize economic r e n t  t o  l a n d  n e t  o f  f l o o d  damage, w h i l e  
speci  f i c a l  l y  cons ide r i ng  t h e  impact o f  upstream development on downstream f l o o d  
l e v e l s  and t h e  impact o f  downstream development on t h e  amount o f  damage f o r  
g i ven  f l o o d  l e v e l s .  
The dynamic program can be descr ibed  mathemat ica l l y  as 
Max N fn(Xn) = lr,(Xn,Dn) D l  9 .  *,Drl n;l 
s u b j e c t  t o :  
where fN(XN)  i s  t h e  f u n c t i o n  y i e l d i n g  t h e  h i ghes t  aggregate b i d - p r i c e  f o r  each ' 
f i n a l  o u t f l o w  l e v e l  o r  stage. Dn i s  t h e  s e t  o f  p o s s i b l e  uses f o r  s tage n; Xn i s  
t h e  s e t  o f  p o s s i b l e  i n p u t  water  f l ows  f o r  s tage n. rn i s  t h e  r e t u r n  f u n c t i o n  f o r  
each stage, which i n  t h i s  case can be expressed as 
where 
" i n  = b i d - p r i c e  pe r  ac re  o f  use i i n  reach n  
an = number o f  acres i n  reach n  
ck = p resen t  wor th  o f  f l o o d  damage per  ac re  f o r  use i i n  reach n  a t  depth k  i n  
fn = acres f looded t o  average depth k  i n  reach n  
tn i s  t h e  t r ans fo rma t i on  f u n c t i o n  t h a t  takes  t h e  i n p u t  f l o w  and d e c i s i o n  f o r  s tage 
n  and generates t h e  ou tpu t  f l o w  f rom stage n, which i s  a l s o  t h e  i n p u t  f l o w  
t o  s tage n+l .  I n  t h i s  case, t h e  t rans fo rmat ion  f u n c t i o n  i s  a  very  s imp le  
r o u t i n g  model, which i s  descr ibed  i n  Sec t ion  4. 
T h i s  problem can be decomposed and so lved  us ing  t h e  usual  r e c u r s i o n  equat ions 
o f  dynamic programmi ng (Nemhauser , 1966). 
f ( X  ) = Max rn (xn,Dn) + fnml ( X n - l  ~ ~ n - 1  1 (10)  n  n  
n  
= rn(Xn,Dn) f o r  n= l  (11 
(X D  ) f o r n = 2 , N  
= rn(Xn'Dn) + fn-l n-1, n-1 (12)  
where 
-t ' (XnyDn) 
'n+l - n  
3.2 E labo ra t i ons  o f  t h e  Basic Formu la t ion  
Beyond t h i s  bas i c  f o r m u l a t i o n  t h e r e  a r e  t h r e e  e l a b o r a t i o n s  t h a t  deserve 
d i scuss ion :  1 )  a  branching stream, 2) a  d i f f e r e n t  use i n  t h e  f l o o d  p l a i n  f rom 
t h e  use i n  t h e  remainder o f  t he  subbasin, and 3 )  an e f f i c i e n t  r o u t i n g  procedure 
t o  c a r r y  o u t  t h e  t r ans fo r r r~a t i on  between stages. The f i r s t  two a re  d iscussed 
here; t h e  l a t t e r  i s  more i n v o l v e d  and i s  de fe r red  t o  Sec t i on  4. Other e labora-  
t i o n s  a r e  d e s i r a b l e  b u t  have n o t  y e t  been developed. Most impo r tan t  i s  t h e  
need t o  handle t h e  p r o b a b i l i s t i c  na tu re  o f  t h e  f l o o d i n g  events.  T h i s  can be 
handled, a t  l e a s t  t h e o r e t i c a l l y ,  w i t h i n  t h e  dynamic programming approach 
(Nemhauser , 1966). However, t h e  conceptual  , computat ional  , and da ta  p rob l  ems 
o f  c a r r y i n g  t h i s  o u t  were beyond t h e  scope o f  t h i s  i n i t i a l  s tudy.  For t h e  p re -  
sent,  t h e  hyd ro log i c  da ta  a r e  based on a  des ign storrn o f  g i v e n  expected frequency; 
a l l  o t h e r  f l o o d i n g  i s  ignored.  
Meier  and B e i g h t l e r  (1967) have shown t h a t  dynamic programming can be 
a p p l i e d  t o  t he  case o f  branching streams f o r  o p t i m i z i n g  r e s e r v o i r  opera t ion .  
Given t h e  d i r e c t i o n  o f  t he  s tage- to-s tage t r ans fo rma t i ons  i n  t h e  p resen t  case, 
f rom t h e  t i p s  o f  t h e  branches t o  t h e  t r unk ,  t h e  r e q u i r e d  m o d i f i c a t i o n s  o f  t h e  
s o l u t i o n  process a r e  s t r a i g h t f o r w a r d  (Nemhauser, 1966). Each branching node 
i s  t r e a t e d  as a  " d e c i s i o n l e s s  s tage"  i n  t h e  dynamic program. Each i n p u t  f l o w  
f rom t h e  f i r s t  o f  t h e  two branches i s  combined by t h e  r o u t i n g  t r a n s f o r m a t i o n  
w i t h  each o f  t h e  i n p u t  f l o w s  f rom t h e  second branch, y i e l d i n g  a  s e t  o f  ou tpu t  
f l ows .  The h i g h e s t  aggregate b i d - p r i c e ,  t h e  sum o f  t h e  b i d - p r i c e s  assoc ia ted  
w i t h  t h e  r e s p e c t i v e  i n p u t  f l ows ,  i s  determined f o r  each o u t p u t .  The two i n p u t  
f l o w  s ta tes ,  one f rom each branch, t h a t  y i e l d e d  t h e  h i g h e s t  summed o u t p u t  f o r  
each o u t p u t  s t a t e  a r e  saved. The o n l y  d i f f e r e n c e  between t h i s  and o t h e r  stages 
i s  t h a t  no d e c i s i o n  v a r i a b l e  and, the re fo re ,  no f l ooded  area, damage, o r  b i d -  
p r i c e  i s  determined. The d e c i s i o n l e s s  branch stages must be d i f f e r e n t i a t e d  
f rom d e c i s i o n  stages; t h e  index  o f  t h e  s tages f rom which t h e  f l o w s  a r e  t o  be 
combined a t  each branch r ~ ~ u s t  be prov ided .  These ope ra t i ons  p resen t  1  i t t l e  
d i f f i c u l t y  i n  c a r r y i n g  o u t  t h e  s o l u t i o n  procedure.  
The second e l a b o r a t i o n  a t tempts  t o  deal  w i t h  t h e  obv ious cha l l enge  t h a t  
t h e  use w i t h i n  t h e  f l ooded  p o r t i o n  o f  a  subbasin should  be d i f f e r e n t  f rom t h e  
use i n  t h e  remainder o f  t h e  subbasin. Th i s  would reduce f l o o d  damage w i t h o u t  
p r e c l u d i n g  i n t e n s i v e  development o f  non-f looded areas. I t  c o u l d  be handled by 
t u r n i n g  each reach o f  t h e  stream i n t o  two s tages o f  t h e  dynamic program. The 
f i r s t  "substage" would determine t h e  non - f l ood  p l a i n  use; t h e  second would 
determine t h e  f l o o d  p l a i n  use. I n  such a  f o rmu la t i on ,  t h e  o u t f l o w  and, t he re -  . 
f o r e ,  t h e  area f l ooded  i n  each reach, would be determined by t h e  f i r s t  substage 
based on t h e  non- f lood  p l a i n  l and  use. The second "substage" would then  d e t e r -  
mine t he  f l o o d  p l a i n  l a n d  use and a l t e r  t h e  o u t p u t  f l o w  f rom t h e  reach  accord- 
i n g l y ,  perhaps even t a k i n g  i n t o  account  backwater e f f e c t s  w i t h i n  t h e  reach. 
Note t h a t  some' a rea  n e t  o f  f l ooded  area would have t o  be assumed f o r  t h e  non- 
f l o o d  p l a i n  use i n  o r d e r  t o  determine t h e  f l o o d  f l o w  and t h e  f l ooded  area. 
A l though t h e  two-stage approach has n o t  been r e j e c t e d  f o r  f u t u r e  develop- 
ment, a  s i m p l e r  approach has been implemented a t  t h i s  t ime.  I f ,  i n  t h e  two-stage 
approach, t h e  non- f lood  p l a i n  use were i n i t i a l l y  assumed t o  cover  a l l  o f  t h e  
subbasin,  then  t h e  d i f f e r e n c e  between t h e  two methods would b e t h a t  t h e  s imp le r  
approach i gno res  t h e  e f f e c t  of t h e  f l ood  p l a i n  use on t h e  f l o o d  f l o w  t o  t h e  n e x t  
reach. I t  assumes t h a t  o n l y  t h e  non- f lood  p l a i n  use a f f e c t s  t h e  o u t f l o w  t o  t h e  
n e x t  reach. 
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a t  t h e  same t ime  r e t a i n i n g  t h e  e s s e n t i a l  c h a r a c t e r i s t i c s  o f  t h e  c u r v i l i n e a r  
hydrographs: t h e  peak and i t s  assoc ia ted  t irne and t h e  t o t a l  volhme o f  f l o w  
be fo re  and a f t e r  t h e  peak t ime.  
The f i r s t  s t e p  i s  t h e  gene ra t i on  o f  l o c a l  i n f l o w  hydrographs f o r  each o f  
t h e  subbasins us i ng  HEC-1. Each o f  these  c u r v i l i n e a r  hydrographs i s  then 
approximated by an e q u i v a l e n t  t r i a n g u l a r  hydrograph as dec r i bed  i n  Appendix A. 
The r o u t i n g  procedure begins a t  an extreme upstream subbasin where t h e  
l o c a l  i n f l o w  hydrograph i s  taken as t h e  channel hydrograph a t  t h e  subbasin 
o u t l e t .  Th i s  channel hydrograph i s  then  rou ted  us i ng  a s imp le  l a g g i n g  p ro -  
cedure th rough  t h e  n e x t  downstream subbasin reach  ( r each  2 i n  F ig .  2 ) .  The. 
l a g  t ime  A t  as shown i n  F ig .  2-b i s  equal t o  t h e  t ime  o f  t r a v e l  AMSKK descr ibed  
i n  Appendix A f o r  use i n  t h e  Fuskingu1.n Rout ing scheme' employed i n  HEC-1. 
The r o u t e d  channel hydrograph i s  then added t o  t h e  l o c a l  t r i a n g u l a r  i n -  
f l o w  hydrograph f o r  t h i s  subbasin a t  t h e  downstream end o f  reach  2, m a i n t a i n i n g  
a common t ime  sca le .  The sun1 o f  these two t r i a n g u l a r  hydrographs i s  a hydro-  
graph c o n s i s t i n g  o f  a t  most f i v e  l i n e a r  segments as shown i n  F i g .  2-c. I t  can 
be shown t h a t  t h e  peak o f  t h i s  segmented hydrograph must occur  a t  one o f  t h e  two 
peak t imes,  t and t o f  t h e  t r i a n g u l a r  hydrographs. 
PI ~2 ' 
The segmented hydrograph i s  then i n  t u r n  approximated by a t r i a n g u l a r  
hydrograph whose peak and peak t ime  a r e  equal t o  t h e  peak and peak t ime  respec- 
t i v e l y  o f  t h e  segmented hydrograph as shown i n  F i g .  2-c. The s lope  o f  t h e  
r i s i n g  l i m b  o f . t h e  new combined t r i a n g u l a r  hydrograph i s  determined so t h a t  
t he  volume o f  f l o w  be fo re  t h e  new peak t ime  ma in ta i ns  t he  surrl o f  t h e  volu~nes 
o f  f l o w  i n  t h e  two t r i a n g u l a r  i n f l o w  hydrographs be fo re  t h e  new peak t ime.  The 
f a l l i n g  l i m b  i s  determined s i m i l a r l y  so as t o  m a i n t a i n  t h e  sum o f  i n f l o w  volumes 
a f t e r  t h e  new peak t ime.  The new combined t r i a n g u l a r  hydrograph i s  t hen  taken 
as t h e  channel hydrograph a t  t h e  upstream end o f  t h e  n e x t  channel reach and t h e  
process i s  repeated.  
t 
( a )  Local i n f l o w  hydrograph f o r  Reach 1 (channel hydrograph f o r  Reach 2) 
(b )  Reach 1 hydrograph rou ted  t o  downstream end o f  Reach 2 
Q 
combined hydrograph 
- Reach 1 hydrograph rou ted  
- l o c a l  i n f l o w  hydrograph f o r  Reach 2 
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( c )  Formation o f  combined hydrograph f o r  Reach 2 
(d )  Combined t r i a n g u l a r  o u t f l o w  hydrograph from Reach 2 
F igure  2 -- Rout ing Procedure 
A l l  o f  t h e  subbasins a r e  approx imate ly  equal i n  s i z e .  I t  i s ,  the re fo re ,  
e v i d e n t  t h a t  as t h e  r o u t i n g  proceeds downstream t h e  channel hydrograph w i l l  
becon~e p r o g r e s s i v e l y  l a r g e r  w i t h  r e s p e c t  t o  t h e  l o c a l  i n f l o w  hydrograph and 
t h a t  t h e  peak t i m e  of  t h e  combined hydrograph w i l l  k h u s  be t h a t  o f  t h e  lagged 
channel hydrograph. The peak o f  t h e  channel hydrograph w i l l ,  t h e r e f o r e ,  occur  
p r o g r e s s i v e l y  l a t e r  i n  t i m e  as t h e  r o u t i n g  proceeds downstream a l t h o u g h  t h i s  
t r e n d  may be o f f s e t  somewhat a t  a  j u n c t i o n  w i t h  a  l a r g e  t r i b u t a r y .  
4.2 V a l i d a t i o n  o f  t h e  T r i a n g u l a r  Rou t ing  Procedure 
A l though  t h i s  approx imat ion  o f  a  hydrograph and the' a s s o c i a t e d  r o u t i n g  
procedure meet t h e  needs o f  tl,.! dynamic programming procedure,  i t  remains t o  
demonstrate t h a t  t h e y  p r o v i d e  d v a l i d  r e p r e s e n t a t i o n  o f  t h e  h y d r o l o g i c  phenomena 
be ing  modeled. I t was beyond t h e  scope o f  t h e  p r e s e n t  p r o j e c t  t o  p r o v i d e  a  
thorough v a l i d a t i o n ,  b u t  a  comparison was made w i t h  more s o p h i s t i c a t e d  p r o -  
cedures f o r  t h e  *s tudy a rea  used i n  t h e  demons t ra t ion  problem d e s c r i b e d  i n  
S e c t i o n  5. The ' s t a n d a r d  o f  r e f e r e n c e '  r o u t i n g  procedure was t h e  Muskingum 
method (U.S. Army Corps o f  Engineers,  1960; Chow, 1964). The d e t e r m i n a t i o n  o f  
parameters and o f  t h e  hydrographs f o r  t h e  subbasins i s  d e s c r i b e d  i n  Appendix A. 
Tab le  1  g i v e s  a  comparison o f  t h e  peak f l o w s  generated by t h e  t r i a n g u l a r  r o u t -  
i n g  procedure and by t h e  Muskingum method f o r  t h e  p a t t e r n  o f  e x i s t i n g  l a n d  use. 
The rilean percentage d e v i a t i o n  was 23 and t h e  rnean a b s o l u t e  d e v i a t i o n  was 1,524 c f s .  
These were computed e x c l u s i v e  o f  t h e  topmost subbasins,  f o r  which no r o u t i n g  
was r e q u i r e d  and which would t h e r e f o r e  always be i d e n t i c a l .  These d e v i a t i o n s  
a r e  q u i t e  l a r g e  r e l a t i v e  t o  t h e  1,000 o r  2,000 c f s  i n t e r v a l s  used i n  t h e  dynamic 
program (see S e c t i o n  5 ) .  Fo r  t h e  des ign  storm, t h e  o n l y  f i e l d  observed f l o w  
i s  t h e  d i s c h a r g e  near  t h e  base of t h e  watershed a t  t h e  guaging s t a t i o n  marked i n  
F i g .  3. T h i s  f l ow of 15,200 c f s  i s  more c l o s e l y  approximated by t h e  t r i a n g u l a r  
r o u t i n g  method than  by t h e  Muskingum method. A  f u r t h e r  comparison o f  t h e  t r i a n g u l a r  
and Ir'luskingum methods f o r  t h e  r e s u l t s  o f  t h e  f i r s t  r u n  o f  t h e  dynamic program- 
ming model y i e l d e d  a  mean percentage d e v i a t i o n  o f  32 and a  mean a b s o l u t e  
d e v i a t i o n  o f  2419 c f s .  C l e a r l y ,  t h i s  i s  n o t  encouraging toward a  v a l i d a t i o n  
o f  t h e  t r i a n g u l a r  r o u t i n g  method. However, t h e  match o f  t h e  t r i a n g u l a r  method 
w i t h  t h e  observed f l o w  does suggest t h a t  a  v a l i d a t i o n  s t u d y  u s i n g  observed 
f l o w s  f o r  severa l  storrns, and p r e f e r a b l y  severa l  p o i n t s  on t h e  stream, m i g h t  
TABLE 1 
Comparison o f  Hydrographs Produced by HEC-1 
and T r i a n g u l a r  Rout ing Scheme 
f o r  E x i s t i n g  Land Uses 
E r r o r  i n  c f s  Percentaqe E r r o r  
Area HEC-1 T r i a n g u l a r  HEC1 -Tr iangu l  a r  ~ r r o r  
HEC-1 
TABLE 1 
(cont inued)  
E r r o r  i n  c f s  Percentage E r r o r  
Area HEC-1 T r i angu la r  HEC1 -Tr iangu l  a r  E r r o r  
HEC-1 
be wor thwh i le .  The a l l o c a t i o n  model was t es ted  us ing  t he  t r i a n g u l a r  method 
pending va l  i d a t i o n  o r  developrnent of  an a1 t e r n a t i  ve method. 
5. TEST PROBLEM: HICKORY CREEK WATERSHED 
The conceptual  s t r u c t u r e  of t h e  model has been descr ibed  i n  t he  p rev ious  
two sec t i ons .  The problem descr ibed  i n  t h i s  s e c t i o n  i s  in tended t o  t e s t  t h i s  
s t r u c t u r e  i n  t h e  face o f  an a t tempt  a t  a p p l i c a t i o n .  The problem i s  based on 
r e a l i s t i c  da ta  and i s  o f  a  s i z e  t h a t  would be o f  i n t e r e s t  i n  p r a c t i c e .  The 
use o f  r e a l i s t i c  data serves t o  s p o t l i g h t  t h e  l i k e l y  d i f f i c u l t i e s  i n  generat -  
i n g  and us ing  r e a l  data w i t h o u t  t he  tremendous expense and t ime  r e q u i r e d  t o  
o b t a i n  such data.  Th i s  makes i t  p o s s i b l e  t o  make a  p r e l i m i n a r y  e v a l u a t i o n  o f  
t he  model w i t h o u t  g r e a t  research investment. I t  means, however, t h a t  t he  
s p a t i a l  p a t t e r n  t h a t  r e s u l t s  should n o t  be const rued as hav ing any operat ior la1 
s i g n i f i c a n c e  f o r  t he  r e a l  problems o f  t he  area used as a  s tudy  s i t e .  
I t  i s  impor tan t  t o  so l ve  a  t e s t  problerr~ o f  r e a l i s t i c  s i z e  t o  c o n f i r m  t h a t  
t he  mode l ' s  computat ional ,  s torage,  and da ta  requi rements do n o t  become pro -  
h i  b i t i v e .  A1 though i t  i s  p o s s i b l e  t o  e x t r a p o l a t e  these c h a r a c t e r i s t i c s  
d e d u c t i v e l y  frorrl smal l  problems, t h i s  i s  n o t  r e l i a b l e  when t he  computat ional  
e f f o r t  i nvo l ved  i s  a f f e c t e d  by t he  p a t t e r n  o f  data va lues,  as i s  t he  case i n  
t h i s  dynamic programming problem. I t  i s  a l s o  va luab le  t o  f u l l y  exper ience t h e  
data man ipu la t i on  and c o l l e c t i o n  i m p l i c a t i o n s  so as t o  have g r e a t e r  r espec t  
f o r  t h e  d i f f i c u l t i e s .  
5.1 Land Use and Hydro log ic  Data 
The H i cko ry  Creek watershed i n  W i l l  County, I l l i n o i s  was chosen f o r  t h e  
t e s t  prob'lem because o f  t h e  s i z e  o f  t h e  bas in ,  t h e  expec ta t i on  t h a t  i t  would 
undergo s u b s t a n t i a l  development i n  i t s  upper reaches i n  t h e  near f u t u r e ,  t h e  
e x i s t i n g  and i nc reas ing  f l o o d  darnage problems a l r eady  occur ing  i n  i t s  lower  
reaches, and t h e  a v a i l a b i l i t y  o f  l a n d  use and h y d r o l o g i c  data.  The watershed 
encompasses an area o f  109.8 square m i l e s .  I t  was d i v i d e d  i n t o  42 subbasins 
and assoc ia ted  reaches, which a r e  t h e  stages f o r  t h e  dynamic programming model. 
Th i s  nurr~ber o f  subbasins i s  s r r~a l l  enough f o r  e f f i c i e n t  s o l u t i o n  and y i e l d s  
subbasin areas o f  app rop r i a te  s i z e  f o r  a l l o c a t i o n  o f  genera l  ca tego r i es  of 
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l and  use. The subbasins ranged i n  s i z e  f rom 1.08 t o  6.44 square m i l e s .  
Th i s  v a r i a t i o n  i s  due t o  t h e  d i f f i c u l t y  o f  d e l i n e a t i n g  equal s i z e  subbasins 
g i ven  t h e  topographic  c o n d i t i o n s  t h a t  must be f o l l o w e d  and t o  changes r e q u i r e d  
t o  f i t  t h e  model s t r u c t u r e  a f t e r  t h e  i n i t i a l  data c o l l e c t i o n .  I t  i s  l i k e l y  
t h a t  a more un i f o rm  s i z e  cou ld  be achieved. 
E i g h t  general  l and  use ca tegor ies ,  which a r e  l i s t e d  i n  Tab le  2, were 
chosen f o r  t h e  a l l o c a t i o n .  These were in tended t o  be a p p r o p r i a t e  t o  t h e  
suburban na tu re  o f  t h e  area and t o  t h e  l a r g e  s i z e  o f  t he  subbasins t o  which 
uses were a l l o c a t e d .  H i n d s i g h t  would suggest t h e  i n c l h s i o n  o f  a lower  d e n s i t y  
e s t a t e  o r  ru ra l -non fa rm category.  I t  would a l s o  be more app rop r i a te  t o  des- 
c r i b e  t h e  uses as general  community types, f o r  example i n c l u d i n g  commercial, 
i n d u s t r i a l ,  and r e s i d e n t i a l ,  than as i n d i v i d u a l  types.  The r u n o f f  and b i d -  
p r i c e s  used a r e  i n  some cases r e a l i s t i c  f o r  mixes, so t h a t  r e s i d e n t i a l ,  f o r  
example, i n c l  udes neighborhood shopping. Commercial should have i nc l uded  
h ighe r  d e n s i t y  r e s i d e n t i a l .  The l a n d  use types and t h e i r  c h a r a c t e r i s t i c s  
were de r i ved  i n  p a r t  f rom "The Costs o f  Sprawl" (Real E s t a t e  Research 
Corporat ion,  1974). By extending and adapt ing some o f  t h e i r  "community l e v e l  " 
analyses i t  would be p o s s i b l e  t o  develop ve ry  good l and  use c l a s s i f i c a t i o n s  
f o r  t h e  sca le  and d e t a i l  r e q u i r e d  f o r  a r e a l  a p p l i c a t i o n  o f  t h e  a l l o c a t i o n  model. 
Hydrographs f o r  each l and  use t ype  on each subbasin were generated us ing  - 
t he  C l a r k  method (C la r k ,  1945) as programrned i n  t h e  HEC-1 F lood Hydrograph 
Package (U.S. Army Corps o f  Engineers, 1973). The data,  c a l c u l a t i o n s  o f  
parameters, and t r ans fo rma t i on  i n t o  t r i a n g u l a r  hydrographs a r e  descr ibed i n  
Appendix A. . 
The corr~putat ion o f  depth ( " s t a g e " )  f o r  g i v e n  f l ows  was based on t h e  
assumptions o f  un i f o rm  f l o w  w i t h i n  t h e  channel. For each reach a number o f  
depths were chosen a t  each c ross  s e c t i o n  and t h e  corresponding f l ows  determined. 
A graph of h e i g h t  vs .  f lowwas then  p l o t t e d  f o r  each o f  t h e  subbasins. The 
h e i g h t  o f  f l o w  a t  p o i n t s  between t h e  c ross  sec t i ons  f o r  which t h e  depth-d ischarge 
r e l a t i o n s h i p  had been determined, was found by l i n e a r  i n t e r p o l a t i o n  between t h e  
depths a t  t h e  immediate upstream and downstream cross sec t i ons .  The d ischarge  
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f r o m  t h e  e n t i r e  watershed was a v a i l a b l e  as observed data .  The f l o w  a t  
success ive  upstream p o i n t s  was e s t i m a t e d  by r e d u c i n g  t h e  f l o w  a t  t h e  immediate 
downstream p o i n t  by  t h e  r a t i o  o f  t h e  watershed a r e a  above t h e  upstream p o i n t  
t o  t h e  a rea  above t h e  downstream p o i n t .  The area f l o o d e d  f o r a g i v e n  f l o w  was 
t h e n  determined f rom t h e  c r o s s  s e c t i o n s  and t o p o g r a p h i c  maps. A graph o f  
a rea  f l o o d e d  ve rsus  f l o w  was p l o t t e d  f o r  each subbasin.  Bo th  t h e  a rea  and 
dep th  cu rves  were e x t r a p o l a t e d  l i n e a r l y ,  i n  somecases from l e s s  t h a n  one 
thousand t o  s e v e r a l  thousand c f s ,  t o  cover  f l o w s  above those  f o r  wh ich  d a t a  
were a v a i l a b l e .  
5.2 F l o o d  Damage and Land Value Data 
The l e v e l  o f  damage p e r  a c r e  f o r  each l a n d  use was determined f r o m  damage 
cu rves  f o r  t y p e s  o f  s t r u c t u r e s  as a  f u n c t i o n  o f  depth .  These cu rves  were 
o b t a i n e d  f r o m  S t a t e  and Federa l  agenc ies .  G r i g g  and Helweg (1975)  have r e -  
viewed v a r i o u s  p o t e n t i a l  sources.  The d a t a  gave percentage damage f o r  v a l u e  
o f  s t r u c t u r e s  and c o n t e n t s .  The va lues  o f  s t r u c t u r e s  were o b t a i n e d  f r o m  t h e  
Costs of  Sprawl (Real  E s t a t e  Research C o r p o r a t i o n ,  1974). A m i x  o f  hous ing 
t y p e s  i n c l u d i n g  w i t h  and w i t h o u t  basements and one and two s t o r i e s  was assumed 
f o r  each r e s i d e n t i a l  t ype .  The v a l u e  o f  c o n t e n t s  was computed as a  percentage 
o f  v a l u e  o f  s t r u c t u r e s .  An a d d i t i o n a l  pe rcen tage  was added f o r  i n d i r e c t  c o s t s  
( G r i g g  & Helweg, 1975). Fo r  t h e  t e s t  problem, a g r i c u l t u r a l  and n a t u r a l  l a n d s  
f o r  r e c r e a t i o n  were assumed t o  have ze ro  damage c o s t s .  T h i s  method was used 
t o  genera te  a  t a b l e  o f  d o l l a r s  o f  damage p e r  a c r e  f o r  depths  i n  one f o o t  i n -  
crements f o r  each use i n  each subbas in .  
The p r e s e n t  w o r t h  o f  expected damages i s  
where pk i s  t h e  p r o b a b i l i t y  o f  occu r rence  i n  t i m e  p e r i o d  k, n  i s  t h e  number o f  
k  t i m e  p e r i o d s ,  d  i s  t h e  damage i f  i t  occurs ,  and ( l + i )  i s  t h e  d i s c o u n t  f a c t o r .  
Assuming t h a t  t h e  d e s i g n  s tor r r~  used f o r  t h i s  s t u d y  (June 13, 1957) has a  r e -  
c u r r e n c e  i n t e r v a l  o f  100 y e a r s ,  pk=l / lOO, t h e  f o r m u l a  reduces  t o  a  u n i f o r m  
annual s e r i e s  p r e s e n t  w o r t h  f a c t o r  as d e f i n e d  i n  James and Lee (1971).  
The o b j e c t i v e  i n  t h i s  f o r m u l a t i o n  o f  t h e  f l o o d  management problem i s  t o  
maximize t h e  b i d - p r i c e  f o r  l a n d  a f t e r  s u b t r a c t i n g  f l o o d i n g  damage. The b i d -  
p r i c e  d a t a  f o r  t h e  model shou ld  i n c l u d e  a l l  components, o t h e r  than  f l o o d i n g ,  
t h a t  can be determined w i t h o u t  knowing t h e  l a n d  uses a l l o c a t e d  t o  o t h e r  sub- 
bas ins  by t h e  model. For  example, t h e  e f f e c t  on b i d - p r i c e  o f  l o c a t i o n  r e l a t i v e  
t o  J o l i e t ,  Chicago, and i n t e r s t a t e  highways would be i n c o r p o r a t e d  i n  b i d - p r i c e  
da ta ,  b u t  t h e  advantage o f  be ing  a d j a c e n t  t o  a  shopping c e n t e r  l o c a t e d  by t h e  
model c o u l d  n o t  be i n c l u d e d  because i t s  l o c a t i o n  cannot  be known. The model ing 
s t r u c t u r e  assumes t h a t  t h e  c o s t s  o f  these  i n t e r a c t i o n s  among newly l o c a t i n g  
uses a r e  dominated by t h e  c o s t s  i n c l u d e d  i n  t h e  model: c o s t s  o f  i n t e r a c t i o n  
w i t h  e x i s t i n g  a c t i v i t i e s ,  c o s t s  due t o  c h a r a c t e r i s t i c s  o f  t h e  subbasins,  and 
c o s t s  f r o m  f l o o d i n g .  I f  t h i s  assumpt ion i s  n o t  v a l i d  t h e n  an i t e r a t i v e  model- 
i n g  s t r a t e g y ,  i n  which t h e  o t h e r  i m p o r t a n t  i n t e r a c t i o n s  were i n c o r p o r a t e d  i n  
ano ther  s tep,  i s  c a l l e d  f o r  (Hopkins,  1975). I 
Greenberg e t  a2. (1974) have d iscussed  t h e  problems o f  o b t a i n i n g  b i d -  
p r i c e  d a t a  by a1 t e r n a t i v e  approaches, such as used by Weisz and Day (1  974b) 
and Arvan i  t i d i s  e t  a2. (1972).  (See a l s o  Wheaton, 1972.) The a c c u r a t e  d e t e r -  
m i n a t i o n  o f  a  s e t  o f  b i d - p r i c e s  i s  beyond t h e  resources  a v a i l a b l e  t o  t h i s  
p r o j e c t .  Fo r  t h e  t e s t  problem, b i d - p r i c e  d a t a  were c o n s t r u c t e d  f rom s i m p l e  
a s s u ~ ~ ~ p t i o n s  about  t r i p  behav io r  t o  J o l i e t  and Chicago and a d j u s t e d  t o  f i t  
s i t e  c h a r a c t e r i s t i c s  and es t ima tes  f rom c o n v e r s a t i o n s  w i t h  r e a l t o r s .  The d a t a  
used a r e  i n  no sense r e a l  d a t a  b u t  do make i t  p o s s i b l e  t o  i n t e r p r e t  and c o n f i r m  
t h e  r e s u l t s  o f  t h e  dynamic programming a l l o c a t i o n .  
For  t h e  t e s t  problem run ,  peak f l o w s  were c lassed  i n t o  i n t e r v a l s  o f  2000 
c f s .  Each s tage  had e i g h t  p o s s i b l e  s t a t e s ,  t h a t  i s ,  e i g h t  p o s s i b l e  2000 c fs  
i n t e r v a l s  i n t o  which t h e  o u t p u t  f l o w  c o u l d  be p laced.  The s e t  was a d j u s t e d  so 
as t o  cover  t h e  range o f c f s  expected a t  each s tage.  Flows r a n g i n g  f r o m  500 t o  
3Q,000cfswere accomodated. The t imes  a t  which peaks o c c u r r e d  were c lassed  
i n t o  i n t e r v a l s  o f  one and a  h a l f  hours  and o f f s e t  i n  a  manner analogous t o  t h a t  
used f o r  t h e  c l a s s e s  o f  peaks. Ten c lasses  o f  t i m e  were used f o r  each s tage ,  
making 80 s t a t e  l e v e l s  f o r  each stage o f  t h e  dynamic program. A second t e s t  
was r u n  us ing  15 c lasses  o f  f l o w  o f  1000 c f s  each and 15 c lasses  of  t i m e  o f  
one hour each, making 225 s t a t e  l e v e l s .  
6. RESULTS OF TEST PROBLEM 
The s o l u t i o n s  f rom t h e  two t e s t s  a r e  descr ibed  i n  Tab le  3. Land use 1  i s  
t h e  non- f lood  p l a i n  l and  use; l and  use 2  i s  t h e  f l o o d  p l a i n  l and  use; g r e a t e s t  
va lue  use i s  t h e  l and  use w i t h  t h e  h i ghes t  va lue  on t h a t  pa rce l ;  same i n d i c a t e s  
whether t h e  two t e s t s  y i e l d e d  t h e  same l and  use. The s o l u t i o n  f rom t h e  f i r s t  
t e s t  i s  a l s o  mapped i n  F ig .  3. The run  o f  t he  f i r s t  t e s t  r e q u i r e d  27 seconds 
o f  computer t ime  and 250k by tes  o f  s to rage  on an IBM 360175. The r u n  o f  t h e  
second t e s t  r e q u i r e d  41 seconds and 474k bytes.  Several  t r i a l  runs were 
r e q u i r e d  f o r  each t e s t  t o  e s t a b l i s h  t he  ranges o f  t imes and peaks f o r  each s tage 
o f  t h e  dyrlarnic program. Th i s  cou ld  be avoided w i t h  a  rrlore complex coding o f  t h e  
computer program: These t imes and s to rage  requi rements a r e  w e l l  w i t h i n  t h e  range 
f o r  reasonable implementat ion o f  t h e  model, t a k i n g  i n t o  account t h e  need t o  make 
many runs  f o r  s e n s i t i v i t y  s t u d i e s  i n  any r e a l  a p p l i c a t i o n .  
The s o l u t i o n s  f rom t h e  two runs  f o r  t h e  t e s t  problem were i d e n t i c a l  except  
f o r  p a r c e l s  3, 21, and 29, as i n d i c a t e d  i n  Table 3. The r e l a t i v e  s t a b i l i t y  o f  
s o l u t i o n s  suggests t h a t  t h e  somewhat a r t i f i c i a l  d i s c r e t i z a t i o n  o f  t h e  f l o o d  
l e v e l s  and t imes i s  acceptable.  The s o l u t i o r ~ s  were n o t  ve ry  serlsi t i v e  t o  t h e  
s i z e  o f  t h e  i n t e r v a l  f o r  t h e  d i s c r e t e  c lasses.  
The approach f o r  hand l ing  t h e  f l o o d  p l a i n  and non- f lood p l a i n  land  uses 
was n o t  s a t i s f a c t o r y  f o r  t h i s  case because pa rce l s  1  , 2, 4, and 41 were 100 
percen t  f l ooded accord ing  t o  t h e  model. T h i s  i s  coun te r  t o  t h e  assumption t h a t  
t h e  f looded area would c o n s t i t u t e  o n l y  a  smal l  p o r t i o n  o f  t h e  t o t a l  pa rce l .  
Th i s  problem cou ld  be overcome by us ing  t he  two s tage approach suggested i n  
Sec t i on  3.2. 
The most impo r tan t  r e s u l t  i s  t he  l a c k  o f  interdependence between upstream 
and downstream land  use dec i s i ons  i n  t h e  t e s t  problems. I f  the  interdependence 
ex i s ted ,  then t h e  non- f lood p l a i n  p a r t  o f  a  subbasin would n o t  necessa r i l y  be 
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ass igned t h e  use w i t h  t h e  h i g h e s t  va l ue  f o r  t h a t  subbasin.  As shown i n  Table  
3, o n l y  one subbasin i n  each run, 3  and 21 r e s p e c t i v e l y ,  was ass igned a  use 
w i t h  a  lower  va l ue  i n  o r d e r  t o  p rec lude  h i ghe r  downstream damages. I f  t h i s  
interdependence i s  indeed so s l i g h t ,  i t  i s  p o i n t l e s s  t o  develop t h e  dynamic 
programming model t o  s imu l taneous ly  l o c a t e  upstream and downstream l and  uses. 
T h i s  r e s u l t  a l s o  has impo r tan t  i m p l i c a t i o n s  f o r  t h e  p o s s i b l e  means o f  ach iev i ng  
op t ima l  p a t t e r n s  i n  p r a c t i c e  (see Sec. 2.). 
There a r e  severa l  p o s s i b l e  exp lana t i ons  f o r  t h i s  r e s u l t ,  which was un- 
expected g i v e n  t h e  da ta  on t h e  e f f e c t s  o f  u r b a n i z a t i o n  on f l o o d i n g .  The d i f -  
fe rence  i n  l and  va lue  f o r  d i f f e r e n t  l and  uses may be g r e a t e r  t han  t h e  f l o o d  
damages prevented by t h e  changes i n  r u n o f f  the reby  achieved. T h i s  m i g h t  change 
i f  l and  use c a t e g o r i e s  based on meet ing s t r i n g e n t  r u n o f f  performance r e q u i r e -  
ments,which have been proposed o r  implemented i n  some j u r i s d i c t i o n s ,  were 
inc luded .  Then t h e  change i n  land  va lue  assoc ia ted  w i t h  a  change i n  r u n o f f  
would be t h e  c o s t  o f  meet ing t h e  r u n o f f  requ i rements ,  r a t h e r  than t h e  d i f f e r e n c e  
between l and  va lues f o r  urban and r u r a l  l and  uses. I f  t h e  cos t s  f o r  p r o v i d i n g  
r e t e n t i o n  bas ins and t h e  l i k e  were smal l  r e l a t i v e  t o  t h e  d i f f e r e n c e s  i n  l and  
va lues between h i g h  d e n s i t y  r e s i d e n t i a l  and a g r i c u l t u r e ,  then  t h e  apparent  
interdependence would inc rease .  Determin ing these  r e l a t i v e  t r a d e o f f s  would 
p r o v i d e  impo r tan t  i n f o r m a t i o n  f o r  p o l i c y  dec i s i ons .  The extreme case would be 
c o n s t r u c t i o r ~  o f  a  r e s e r v o i r ,  which cou ld  be t r e a t e d  as a  l and  use ca tegory  by . 
t h e  model. 
The model c u r r e n t l y  i n c l u d e s  o n l y  t h e  expected damage f rom t h e  100 yea r  
f l o o d .  T h i s  unders ta tes  t h e  interdependence because t h e  expected damage should 
a l s o  i n c l u d e  damages f rom l e s s e r  and g r e a t e r  f l o o d s .  The p a r t i c u l a r  des ign  
s torm used i n  t h e  t e s t  problem cons i s t ed  o f  a  ma jo r  s torm f o l l o w i n g  a  smal l  storm. 
Th i s  meant t h a t  t h e  d i f f e r e n c e s  i n  r u n o f f  c h a r a c t e r i s t i c s  f o r  t h e  d i f f e r e n t  l a n d  
use types  were a t  l e a s t  p a r t i a l l y  n u l l i f i e d  because t h e  i n i t i a l  s torm was suf-  
f i c i e n t  t o  s a t u r a t e  s o i l s  and thus e q u a l i z e  l o s s  r a t e s .  The appa ren t l y  s l i g h t  
interdependence cou ld  a l s o  be t h e  r e s u l t  o f  e r r o r s  i n  t h e  data,  i naccuracy  of 
t h e  t r i a n g u l a r  r o u t i n g  model, o r  c h a r a c t e r i s t i c s  o f  t h e  p a r t i c u l a r  watershed o r  
l a n d  use m ix  used i n  t h e  t e s t  problem. 












